The provision of environmental enrichment to numerous species of laboratory animals is generally considered routine husbandry. However, mouse enrichment has proven to be very complex due to the often contradictory outcomes (animal health and welfare, variability in scientific data, etc.) associated with strain, age of the animal when enrichment is provided, gender of the animal, scientific use of the animal, and other housing attributes. While this has led to some suggesting that mice should not be provided enrichment, more recently opinion is trending toward acknowledging that enrichment actually normalizes the animal and data obtained from a mouse living in a barren environment are likely not to be representative or even reliable. This article offers an overview of the types of impact enrichment can have on various strains of mice and demonstrates that enrichment not only has a role in mouse husbandry, but also can lead to new areas of scientific enquiry in a number of different fields.
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| INTRODUCTION
The laboratory mouse is a ubiquitously used research subject whose genetics, anatomy, physiology, immunology, and behavior have been studied in detail for generations. Thus, it would seem that providing a housing environment that is species-appropriate would be a simple matter. However, it would be a serious mistake to approach mouse enrichment as a one-size-fits-all husbandry procedure. The laboratory mouse is still considered behaviorally similar to wild mice in many dimensions 1(p150) , though it differs somewhat from the wildtype ancestor in its behavior, with running behavior and open-field freezing behavior, and a general higher level of activity more evident in wild-type mice than the laboratory bred animals. 2 Over decades of purposeful breeding, a variety of characteristics (eg, ease of handling) were either deliberately or inadvertently introduced into the behavior profile of the laboratory mouse. Today, the increasing trend in the use of transgenic mice has only amplified the diversity of traits being bred for, and thus, the potential exists for both extant and subtle differences in mouse behavior and their response to their environment.
The behavioral breadth of the species may help to account for the fact that the literature is replete with contradictory findings and diverse conclusions about the potential benefits and unexpected consequences from providing enrichment to laboratory mice.
Indeed, an argument has been made that enriched animals produce different results; enrichment may increase between-subject variability; and enrichment may reduce replicability across laboratories. 3(p47-48) A simple response to these arguments could be that animals should not be provided enrichment. But, a counter-argument has been made that, as expected, the enriched animal model is different in many ways from the animal model living in a barren environment. 3(p47) Indeed, it is not logical to accept the notion that animals that are stressed due to environmental inadequacies are, in fact, a better research model, especially considering the fact that the normal state of the animal (and the human for which it is serving as a model) live in complex, stimulating environments. Given this, she suggests that the external validity of research animals living in minimalistic environments may not be as robust as is assumed.
Contradictions in results in the enrichment literature clearly signal both inadequate objective information regarding the (possibly changing) behavior of the mice we use in research and the need for additional basic studies to better characterize the animal model as its genome is modified. The reality is that mouse enrichment programs are complex; must be thoroughly researched; and the enrichment should be implemented based on input from the investigator, the veterinarian and husbandry personnel.
2 | IMPLEMEN TING ENVIRON MENTAL ENRICHME NT
| The goal of enrichment
Environmental enrichment has been variously defined, but generally includes the goal of improving the welfare of the animal through the thoughtful inclusion of social and nonsocial features to the cage environment. More than 10 years ago, enrichment was described as "any modification in the environment of the captive animals that seeks to enhance its physical and psychological well-being by providing stimuli meeting the animals' species-specific needs". 4 More recently, the aim of enrichment has been described as a method "to enhance animal well-being by providing animals with sensory and motor stimulation, through structures and resources that facilitate the expression of species-typical behaviors and promote psychological well-being through physical exercise, manipulative activities and cognitive challenges according to species-specific characteristics". 5 In some cases, the objective of enrichment is to increase the expression of certain behaviors while in other cases, reduction of specific behaviors is intended. For example, reduction in the expression of stereotypic behaviors may be a goal which is achieved by providing resources such as a shelter. 6 In all instances, the provision of enrichment should not negatively impact the health and safety of the animal.
There are several general characteristics of nonsocial enrichments that are desirable and may drive the selection process among enrichment choices. Primary among these is that ideally there should be demonstrated value derived from the enrichment technique in enhancing the welfare of the animal. 7 Optimally, this evidence should be contained in the peer-reviewed literature and the results of the published data should be able to be extrapolated to the speci- is a behavior that is commonly performed by numerous strains of mice, and it offers the opportunity for mice to better thermoregulate in their environment. 13, 14 Numerous studies have assessed the relative merits of different kinds of nesting material, including commercially available Nestlets TM , paper strips, tissue or paper towel, cotton string, wood wool, and wood shavings. The value of the nesting material to the mouse has also been critically evaluated, using the complexity or architecture of the nest as a metric for the quality of the nesting material provided 15,16(p29) or the mouse's willingness to work to access nesting material. 17 Some kinds of nesting material (eg, corn husks) reduce aggressive behavior in a line of BALB/c mice, as indicated by reduced wounding of the animals, 18 possibly due to the availability of areas to escape from aggressive animals. Clearly, the type of nesting material impacts this welfare benefit, as aggression was decreased in 7-week-old male BALB/c mice provided tissue torn in strips 19(p71) , though intracage fighting was not reduced by
providing wood wool as nesting material to BALB/c and C57BL/6J mice 20 and actually increased fighting in NIH/S male mice. 21 Yet, there is evidence that some strains of mice, such as BALB/c and CD-1 mice, show reduced signs of stress, to include lower urine corticosterone levels and heavier thymuses, if they are provided nesting material and if the nest is transferred during cage cleaning procedures. 22 Although there are contradictions in the literature regarding optimal nesting material (eg, paper strips 16 vs tissue or paper towel 23 ), an important consideration is the planned use of the mice.
For example, a tissue nesting material can be a confounding variable for studies of allergic asthma in BALB/c mice, resulting in increased total cell number, eosinophil number, and IL-13 concentration in bronchoalveolar lavage fluid as compared with nonenriched control animals. 24 Cautions have been made regarding some types of nesting material that can entangle the limbs of pups. 25 More recently, the provision of a nest-building material is considered an important element of the mouse's cage environment. 16(p26) The manifestation of nest-building behavior by mice is considered a reliable indicator of health and welfare, with its absence reflecting pain or discomfort in the mice. 
| Nest boxes/Shelters
As a prey species, wild-type mice will attempt to flee and hide from predators and it may be that laboratory mice retain this fear response behavior. For example, laboratory mice may exhibit aggression to handlers if startled or fearful, and thus the provision of shelters has been suggested to reduce the mouse's fear response. 27 The inclusion of shelters or nest boxes has been evaluated as a single enrichment and in association with other enrichments (eg, nesting material, running wheels). As has been demonstrated by investigations into other forms of enrichment, varying results have been obtained on the merits of providing shelters, depending on the strain of mouse, whether nesting material was also present, the number of openings in the nest box, and the material from which the nest box or shelter was constructed (eg, metal, plastic, wood, paper product).
In fact, the material of which the nest box is constructed has been proposed as a significant factor in preferences expressed by mice. 28 In some cases, the shelter provided is a tube (perforated along the sides of the tube or nonperforated), while in others it is designed to function more specifically for nesting. Partitioning the cage space up with structures like shelters allows mice to separate areas for feeding, resting, and urination/defecation, thereby aiding mice in controlling their environment, such as exposure to illumination. 29 The location of a tube-shaped shelter within the cage may vary, being situated either directly on the cage floor or suspended from the cage wall. Indeed, the location of the nest box has been shown to be important in individually ventilated cages, with nest boxes placed on the floor preferred by female Crl:CD1 (ICR) mice, the majority of whom also moved the nest box toward the front of the cage, under the food hopper. 30 Proposed reasons for this strong trend included the reduced ventilation exposure and/or reduced illumination exposure for mice if the nest box was moved under the feeder. But, there are strain-dependent responses to tubes, as individually housed male TO mice do not use a tube for sleeping if sawdust is made available as bedding in the cage. Rather, these mice used the tube for refuge and as a latrine. 31 Recently, it has been shown that the number of days of survival of Tabby jimpy mice was increased in those animals provided a nest box constructed of paper boxes. 32 These animals also had a higher weaning rate, had a statistically significant higher weaning weight, and developed few abnormal jumping behaviors. This type of nest box allowed the dams to create additional holes and to use the shredded paper as a component in their nest-building activity. Male BALB/c mice also had increased longevity if they had access to a shelter. 33 However, it should be noted that for some strains of mice, inclusion of a nest box or shelter has been implicated with increased aggression levels in animals 19(p74) , though this is not always the case. 34(p367) Yet, mice living in cages containing a nest box, nesting material, chew blocks, and a running wheel consumed less of the anxiolytic agent than mice in standard cages and spent less time performing bar-related behaviors and bar-circling stereotypies. 35 3 | EFFE CTS OF ENRICHMEN T
| Effects on the animals
One of the challenges associated with cataloguing the effects of environmental enrichment on mice is that reports of effects from studies using "enrichment" may be confounded by the fact that the items provided in the cage to increase structural complexity were not objects that actually enhanced the welfare of the animals.
Clearly, semantics play a role in this problem as any addition to the cage environment seems to be automatically labeled as an enrichment, whether the definition of enrichment is achieved or not. Many An understanding of the effects of providing an enriched or stimulating environment to rodents has roots in studies done with rats and assessing effects of handling and maze training on brain chemistry and anatomy. 38 Since then, the body of information regarding the influence of cage complexities on the mouse has grown considerably and new findings continue to be published. These findings can generally be categorized into effects on the behavior or biology of the animals, often described in the context of changes in a specific animal model.
| Behavior
The standard cage provides limited scope for the expression of spe- [41] [42] [43] increased aggression between animals with many types of enrichment 19,44(p74) , though not in the ABG inbred strain which is known to be very docile; 45 and often a reduction in time spent sleeping. 46 
| Neurological effects
Morphological changes to the brain are perhaps among the most well-known effect of enrichment on rodents. The brain evinces numerous responses to environmental complexity. 47 Typically, greater cerebral weight and length, as well as increased cortical depth, are measured in rodents living in an enriched environment. 48, 49 Recently, the specific regions of the rodent brain affected by living in an enriched environment have been determined. In the hippocampus, CA1 and dentate gyrus cells were affected; however, changes were not observed in layer V pyramidal neurons of the cerebral cortex or in the spiny neurons in the striatum. 50(p57) When the histological changes in the brains of rats provided with social and inanimate enrichments have been compared with rats that are socially housed without inanimate enrichments, the number of oligodendrocytes and astrocytes in the occipital cortex have reflected an increase in the former group. With rats that were handled daily, only the number of astrocytes increased. 51 Increases in dendritic spines and branching, synaptic connections, and neural cell size have long been recognized to result from enriching the environment of rodents. 52, 53 Initially, these effects on brain morphology cannot be attributed to the enriching effects of social housing, but rather appear to be related to the presence of the inanimate enrichments 54, 55 and, more specifically, to direct contact with the inanimate enrichments. 56 Although enriched mice move longer distances and spend more time in the center of an open-field testing apparatus, 57 increased activity associated with exercise (eg, a running wheel) and exploration may not be responsible for the histological changes in the brain.
50(p57)
An examination of gene expression in the brain, relative to the availability of enrichment items in the home cage, reveals that enrichment affects the expression of several genes that regulate neuronal structure, synaptic signaling, and brain plasticity 58 which have a role in learning, memory, and age-related memory deficits through upregulation of certain neural proteins. In fact, the trans- in neural cell proliferation, differentiation, and retention; vascularization of the dentate gyrus; and enhanced dendritic complexity of hippocampal neurons. 64 Recent evidence suggests that the mode of action for enrichment on slowing the course of the disease is mediated through reducing protein deficits in the brain, 65 because nonenriched mice have significant decreases in BDNF as well as reductions in dopamine levels. Not only is BDNF higher in the brains of enriched animals, but so too are nerve growth factor and neurotophin-3 proteins. 66 It has been proposed that standardization of housing conditions should be considered in therapeutic trials. 60(p235) However, the survivability of R6/2 mice was improved whey they were used in behavioral testing as a means of providing enrichment (rather than housing them in enriched cages). 67 So, it
appears that there are a number of potential confounding variables, some of which may not have even been identified to date, that can alter the course of experimentally induced or modeled disease research.
In rodents, a septal lesion produces a phenomenon known as septal rage, which is characterized by hyperemotionality and aggressiveness by the rodents. Enriched mice have been shown to be less "reactive" than nonenriched mice, and mice living first in an enriched environment and later transferred to the nonenriched environment showed an immediate increase in reactivity. 68 Thus, it appears that enrichment may also modulate the emotionality of some mice.
A discussion of possible neurological changes would not be complete without mentioning the effects of enrichment on memory and learning because these effects reflect a functional change that can occur in rodent brains concomitant to the anatomical changes already described. Learning rate is enhanced across a variety of tests in enriched BXSB mice, with and without ectopic cell clusters in the neocortex. 69 Additionally, spatial memory is positively affected by an enriched environment, 70, 71 even when the enrichment is provided to the animals when they are adults.
72
For example, mice living in enriched cages exhibited faster and better learning and search strategies in a water maze. 73 The effect on memory in the mouse model of post-traumatic stress disorder is complex, 74 but appears to contribute to retention of the memory when a situational reminder of the trauma was sufficiently long (ie, 10 minutes), but had no effect when the situational reminder was shorter (ie, 1 minute). Although the precise mechanism of the memory enhancement has not been identified fully, recent evidence suggests that enrichment affects cAMP-dependent protein kinase long-term potentiation in the hippocampus. 75 
| Organ weights
Organ weights also appear to be influenced by the presence of environmental enrichment in the cage, for example, the heart, liver, kidney, adrenal, spleen, and uterus of three inbred strains of mice (BALB/c, C57BL/6, and A/J) living in enriched and nonenriched cages. 78(p415) In comparisons with control animals, they found that the weights of the spleen from enriched animals were slightly, but not significantly, increased; and the weights of the adrenal from enriched animals were slightly, but not significantly, decreased. However, no significant differences in the organ weights (kidneys, liver, heart, spleen, testes, prostrate, adrenals, thyroid and parathyroids, pituitary, and brain) were observed in CD-1 mice provided a gauze pad in the cage as an enrichment compared with mice without a pad or in male Swiss albino mice provided a nest box and cotton. 79, 80 Similarly, no increase in organ weights was detected in C57BL/6JIcoU or BALB/cAnCrRyCpbRivU mice enriched with objects or enriched with nesting material. 81 A more recent study of B6C3F1/N mice further confirmed no significant increase in organ weights (liver, spleen, thymus, adrenal glands, lung, kidneys, and gastrointestinal tract) of either male or female mice when they were provided with nesting material (Crink-l'Nest TM ). Poole's famous quote that only "happy animals make good science". 91 Nevertheless, environmental enrichment is still far from being a standard husbandry procedure in most mouse facilities. Ironically, one reason for this reluctance is the concern that environmental enrichment itself could be a confounding variable which adversely affects the scientific validity of animal experiments. In particular, it has been argued that environmental enrichment might disrupt environmental standardization in ways that are detrimental to the precision and reproducibility of results from animal experiments. 92 If true, this would mean that environmental enrichment creates a conflict between the welfare of the animals and the validity of the research, and that the benefits of enrichment in terms of better animal welfare need to be measured against its costs in terms of poorer scientific validity to achieve an optimal compromise.
However, this perspective is likely a result of the ambiguity of the term "enrichment", which has been defined in diverse-and sometimes inaccurate-ways. The key is to provide "beneficial" enrichment to the animals, distinguishing these as species-relevant approaches that improve welfare, rather than simply putting any item into a cage and referring to it as "enrichment". Indeed, these latter items can be referred to as "pseudo-enrichments". 93 Based on an evaluation of multiple laboratories to assess the effect of enrichment on variation in behavioral endpoints and reproducibility of behavioral differences in three strains of mice, it has been determined that within group variability contributed an average of 60% of total variability and was unaffected by enrichment. 94 Thus, nonenriched cage environments fail to reduce individual variability in behavioral endpoints.
| CONCLUSION S
The scientific evidence overwhelmingly supports the use of enrichment to improve the welfare of mice used in research. However, the type of enrichment used must be biologically relevant, safe for the animal, improve the animal's welfare, and not interfere with the scientific measures taken from the animals. When these criteria are met, the data produced by the animal will be more valid and reliable.
Of note, use of environmental enrichment has led to new areas of scientific enquiry.
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